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Abstract 
The cross-industry trend towards efficient lightweight solutions continues unabatedly and leads to an increasing use of 
structural components made of fibre composites. At the same time, there is an increasing demand for the realization and 
integration of additional functions such as sensory properties. For the widespread application of intelligent lightweight 
components, manufacturing technologies suitable for series production are required. Fibre-reinforced polyurethane 
composites offer a great potential for the production of smart lightweight structures. A novel method based on the Long 
Fibre Injection (LFI) technology enables the integration of piezoceramic components and by their direct connection to 
suitable electrode structures the process immanent fabrication of sensory elements.  
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1. Introduction 
Fibre-reinforced polyurethane composites offer a high potential for serial production of adaptive 
lightweight structures. Processing of highly reactive, two-component polyurethane systems in fully automated 
processes enables short cycle times and thus the production of composite components for high-volume 
applications. In comparison to other plastics and composite manufacturing technologies, polyurethane 
processing methods are characterized by moderate process conditions that favor the integration of additional 
functional elements like sensors and electronic components. Expansion pressures typically do not exceed 10 
bars and temperatures resulting from the exothermic reaction reach a level around 100 °C in thin-walled 
structures. In particular, spray coat methods like the Long Fibre Injection (LFI) process enable gentle 
embedding of functional elements into the initially liquid matrix [1, 2]. During curing and expansion, the 
components can be enclosed by the expanding matrix and fully integrated into the composite. Furthermore, the 
good adhesion properties of the polyurethane matrix ensure a durable and secure integration. 
Beyond function integration, LFI composite structures offer a broad diversity in material characteristics, 
resulting firstly from the variety of available polyurethane systems. Additionally, the ability to set arbitrary 
expansion levels and resulting material densities provide a wide range of mechanical properties as well as 
further potential for function integration, for example in terms of thermal or acoustic insulation. Moreover, the 
high degree of process variability with regard to fibre length, fibre mass content and the possibility of fibre 
orientation by specifically influencing technological parameters, enable load adapted design of LFI-
composites and are of special interest in lightweight applications. 
Due to these specific advantages, the Long Fibre Injection process is focused in the Collaborative Research 
Center/Transregio 39 "Production technologies for light metal and fibre reinforced composite based 
components with integrated Piezoceramic Sensors and Actuators". Within subproject B6 "High-volume 
production technologies for glass fibre-reinforced polyurethane composite structures with integrated 
piezoceramic sensor elements and adapted electronics", an innovative spray coat method based on the LFI 
process is developed, which enables the process-immanent production and integration of piezoelectric 
functional elements. 
2. Basic technology Long Fibre Injection 
The LFI process provides an economical method for the manufacture of long fibre-reinforced composite 
structures [3]. It is particularly suited for high-volume production of large lightweight components, which are 
applied mainly in automotive industry [4, 5]. Here, especially door trim panels, parcel shelfs or trunk floors 
are typical applications. Furthermore, outer panels like roof modules can be manufactured in the LFI process, 
mostly using foam-backed thermoplastic films to eliminate subsequent painting steps. 
The operation principle of the LFI process is based on the processing of highly reactive two-component 
polyurethane systems which are mixed together in a mixing head within a very short time using the high-
pressure counterflow injection procedure. Reinforcing glass fibre rovings are fed directly from a spool into a 
cutting unit on the mixing head and chopped to defined lengths. Fibre lengths of 12.5 mm to 200 mm are 
theoretically possible, but usually fibre lengths up to max. 100 mm are used. The chopped fibres are conveyed 
by means of blowing air through the mixing head to its output, where they are wetted with the exiting 
component stream. The spray cone can be influenced by oscillating air, for example to create a wider spray 
angle or even to align the fibres [6]. During the discharge, the fibre length and fibre mass content can be 
varied locally and adjusted to the loads of the component. The fibre-polyurethane mixture is discharged into 
an open mould. After closing the mould, the matrix material cures and expands to varying degrees depending 
on the used polyurethane system. In comparison to other polyurethane composite manufacturing technologies 
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like Structural Reaction Injection Moulding, preforming of fibre mats as well as handling and inserting the 
preform into the mould are eliminated in the Long Fibre Injection process. Consequently, process time and 
investment costs of the corresponding installations can be saved. Last but not least, due to the direct 
processing of rovings, waste of glass fibres can be avoided. In fig. 1 the process diagram of the Long Fibre 
Injection process is illustrated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Process diagram of the LFI process 
3. Development of the novel Multi Fibre Injection process 
For the high-volume production of fibre-reinforced polyurethane composites with integrated piezoelectric 
functional elements, a novel Multi Fibre Injection spray coat method based on the LFI process is developed. 
This technology is particularly characterized by the process-immanent generation of integrated piezoelectric 
functional elements. For this purpose, suitable piezoceramic components are integrated locally into the 
composite and connected to appropriate electrode structures (fig. 2). Thus, the previously separate production 
steps sensor manufacturing and component fabrication as well as the additional bonding process are 
summarized in a single-stage, automated process. In addition, required electronic components for processing 
the generated sensor signals are integrated into the composite. This requires the development of appropriate 
compact, thin-walled components and adapted data and power transmission systems. By combining several 
piezoelectric functional elements, autarkic sensor systems can be realized. 
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Fig. 2. Schematic of an integrated piezoelectric functional element 
3.1. General requirements and preliminary studies 
For the generation of a piezoelectric functional layer, first suitable piezoceramic components are specified. 
Since these have to be integrated locally within a short time and applied in one homogeneous layer, free-
flowing components such as short fibres or pearls are required (fig. 3). Such components, preferably made of 
lead-zirconate-titanate (PZT) can be obtained from production residues or manufactured in adapted production 
technologies [7]. 
 
 
 
 
 
 
 
 
 (a) (b) 
Fig. 3. Suitable PZT components, (a) pearls; (b) short fibres 
For the automated integration of these structures, a suitable dosing principle is defined. Due to the required 
dosing accuracy, even with inhomogeneous components, a gravimetric principle has been favoured. In 
laboratory studies, both screw feeders and vibration feeders operating with the loss-in-weight principle have 
been tested. Because of the higher accuracy and gentle processing of brittle ceramic materials, a feeder with 
vibration chute for metering the components has been chosen. 
Following, suitable concepts for the integration of piezoceramic functional elements have been developed 
and evaluated. An initial concept was based on the supply of piezoceramic components into the LFI mixing 
head through a separate bypass. Because the simultaneous discharge of ceramic and PUR matrix would lead to 
an early wetting of the PZT components with matrix, no direct contact between the piezoelectric layer and the 
electrode structures could be realized. Therefore, the ceramic components are to be supplied externally and 
placed directly on a previously applied electrode. Finally, the upper electrode is integrated. 
The thus produced piezoelectric sensor element consists of a piezoceramic functional layer which is 
positioned between two electrodes. Due to the characteristics of the LFI process, the sensor element has to be 
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impregnated in thickness direction by the expanding matrix to be integrated into the composite. Therefore, 
porous electrode structures are required which can be, for example, metal wire cloths or carbon fibre semi-
finished products. In initial processing studies, metal wire meshs made of tin-bronze and steel as well as 
various carbon fibre fabrics and non-woven fabrics in different specifications have been tested. First 
investigations focused on the impregnation capability. It has been shown, that the metal wire meshs, 
depending on the mesh size, and especially carbon fibre fabrics can be impregnated well.  
To demonstrate the functionality of piezoelectric sensor elements with porous electrodes, prototypical 
sensors with various piezoceramic components have been manufactured manually and characterized before 
and after polarization. The sensors have been deformed mechanically in dynamic three-point bending and 
compression tests at a frequency of 1 Hz. The resulting voltage signals before and after polarization have been 
quantified. In fig. 4 the voltage signal of a piezoelectric sensor with PZT fibres and electrodes made of tin-
bronze is illustrated. 
 
 (a) (b) 
Fig. 4. Voltage signal of a prototypic piezoelectric functional element during dynamic three-point-bending, (a) before polarization; (b) 
after polarization 
Once the functionality of the specified ceramic components and electrode structures could be demonstrated 
on prototypic sensor elements, next research was focused on process development for the automated 
integration of piezoelectric functional elements. 
3.2. Integration of the piezoceramic components 
For supplying the piezoceramic components from the gravimetric feeder to the mixing head, several 
concepts have been developed and evaluated. In order not to extend the processing time significantly, the local 
integration of the PZT components should be realized within a short time. For a direct transfer from the dosing 
system to the discharge, this would provide highest demands on dosing speed and control accuracy. Therefore, 
a solution with an intermediate storage is designed. Here, first defined batches of the respective components 
are fed into a buffer. The buffer is opened in the process at a defined point by a pneumatically actuated valve. 
In this manner, one or more batches of the piezoceramic components can be prepared during the curing of the 
respective previous composite part. Hence there is enough time for dosing the PZT components reproducibly 
and with high dosing accuracy without increasing cycle time. 
For the discharge of the components from the buffer into the mould, a special discharging device is 
developed. Beyond the discharge within a short time, a homogeneous application on a defined area is another 
essential requirement for this device. Therefore, various discharging concepts have been designed and tested. 
Figure 5 (a) shows an example of a model with an inclined plane and a number of funnel-like deflectors for 
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distributing the components. Depending on the used ceramic components, the angle of the plane has to be 
adjusted accordingly. While pearls may be distributed from an angle of 10°, the short fibres require an angle 
of at least 30°. To create an all-purpose device, further concepts have been tested. A solution with a 
rectangular shaft and cascading guiding plates as shown fig. 5 (b) has been found particularly advantageous. 
With an appropriately adjusted feed rate both the fibres and the pearls can be applied on the electrodes 
homogeneously and within a short time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
Fig. 5. Schematic of tested discharging devices, (a) inclined plane with deflectors, (b) rectangular cylinder with cascading guiding plates 
3.3. Handling of electrode structures 
The automated handling, especially gripping and positioning of the specified porous electrode structures, 
requires an appropriate handling system. Among various handling technologies, gripping by vacuum has been 
favoured due to its processing flexibility and gentle handling. In preliminary studies, different vacuum 
grippers were tested and suitable suction pads have been identified. These grippers were specifically designed 
for the handling of composites and thin films. The composite grippers are operated with compressed air and 
generate an internal vacuum. Due to a special design utilizing the Coanda effect, gentle handling of thin-
walled structures is provided. 
The chosen suction pads have been tested in extensive studies, using the specified electrode structures. At 
first, the distance at which picking of the respective electrodes is possible was quantified as a function of the 
applied pressure. Fig. 6 shows the determined values. 
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Fig. 6. Determined gripping distance for specified electrodes as a function of applied pressure 
Particularly with regard to automatic processing, the process stability and reproducibility is another focus 
of the investigations. Essential requirements for the handling system are the gripping of exactly one electrode 
and reproducible positioning on the mould surface or on the discharged fibre polyurethane mixture. For this 
purpose, displacement of the electrodes due to adhesion on the suction pad has to be avoided. Furthermore, the 
electrode has to be hold securely during rapid movements or changes of direction. It has been shown, that the 
composite grippers are suited to meet the mentioned demands. 
3.4. Development of a Multi Fibre Injection processing unit and integration studies 
The presented individual solutions for the integration of the piezoceramic components and electrode 
structures are technologically realized in a Multi Fibre Injection processing unit which enables the automated 
integration of the piezoelectric sensor elements. The processing unit is adapted modularly to the existing LFI 
mixing head. Here, various process-related requirements have to be considered. Firstly, the total weight of all 
components should be minimized. Furthermore, the attachment may be as compact as possible in order to 
avoid collisions with other system components during the spraying process. In addition, spaces for subsequent 
processing steps, such as the automated cleaning of the mixing head, have to be considered. During the 
positioning of the electrodes and the discharge of the piezoceramic components, the correspondent devices 
must not get in contact with the discharged fibre matrix mixture. Finally, contamination of the mounted 
components through the PUR matrix during the spraying process should be avoided. In order to shield the 
respective components from the spray cone during the spraying operation, the components are located above 
the mixing head outlet. This requires the use of vertical guide elements. The discharging device for the 
ceramic components is adapted by means of a linear guide on the mixing head. For handling the electrode 
structures, two composite grippers are fitted on a pneumatic cylinder. This cylinder is secured against rotation 
for a reproducible positioning of the electrodes. Fig 7 shows the LFI mixing head with the mounted MFI 
processing unit. 
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Fig. 7. LFI mixing head with mounted MFI processing unit 
All the components of the processing unit which have to be controlled - pneumatic valve of the buffer, 
linear guide, pneumatic cylinder and composite grippers - are operated pneumatically and controlled by 
magnetic valves. The operation of these components as well as recording the positions of the guide elements 
have been implemented in the control of the overall process. In addition, the gravimetric feeder is also 
operated by the overall process control. Several possibilities for implementation have been evaluated. The 
most efficient solution is the implementation into the robot control for the spraying process. The trajectory of 
the spraying operation is defined by any number of points. At each point, corresponding control functions can 
be performed on digital signals. Simultaneously, it is possible to link the individual assigned functions and 
movements with latency or to adjust the speed of the robot. For example, the time to open the buffer or the 
feed rate during the discharge of the piezoceramic components can be adapted to the respective specifications 
and discharge volumes. In extensive studies, appropriate settings for the respective ceramic components and 
electrodes have been determined. 
First investigations using the completed MFI processing unit focus on various options for integrating 
piezoelectric functional elements. Primarily, the elements have been applied on the mould cavity directly 
before spraying. It has been found that the upper electrode is displaced partly through the influence of the 
spray cone. After several adjustments to the parameters that influence the spray cone like pressures of blowing 
and oscillating air as well as the distance of the spraying path to the sensor element, the displacement could be 
minimized but, however, not be entirely prevented. This shows that the design of the trajectory has a decisive 
influence. During the first tests a meandering trajectory was selected. Since no satisfactory solution has been 
reached with this method, a spiral trajectory which has its origin centred on the sensor element has been 
programmed. Here, the sensor element is fixed to the mould surface at the beginning of the spraying operation 
and not influenced in further processing. 
In further studies, the sensor elements have been applied after the spraying process onto the discharged 
material. Here, the aforementioned parameters have no influence. However, in this case, a homogeneous 
surface without strong differences in height is required, so that the electrodes can be applied horizontally. 
With appropriate settings, this form of integration could be implemented successfully. Fig. 8 shows a sensor, 
which has been applied onto the discharged fibre matrix mixture just before the closing of the mould. 
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Fig. 8. Automatically applied piezoelectric functional element before closing of the mould 
Currently, the reproducibility of the individual integration versions is investigated. This concerns 
particularly the formation and homogeneity of the piezoceramic functional layer as well as the contact 
between this layer and the electrodes. 
4. Conclusions 
The novel Multi Fibre Injection technology based on the LFI process enables serial production of 
intelligent fibre-reinforced polyurethane composites with sensory properties. Piezoceramic components such 
as short fibres or pearls in combination with appropriate electrode structures are suitable for generating 
piezoelectric functional elements. With the developed MFI processing unit, process-immanent and automated 
integration of such elements is possible. By this, the previously separate production steps sensor and 
component fabrication are combined in a single-stage efficient process. Next research activities focus on the 
development of adapted methods for contacting and polarization. 
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